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An object moving in depth produces retinal images that change in position over time by diﬀerent amounts in the two eyes. This
allows stereoscopic perception of motion in depth to be based on either one or both of two diﬀerent visual signals: inter-ocular veloc-
ity diﬀerences, and binocular disparity change over time. Disparity change over time can produce the perception of motion in depth.
However, demonstrating the same for inter-ocular velocity diﬀerences has proved elusive because of the diﬃculty of isolating this
cue from disparity change (the inverse can easily be done). No physiological data are available, and existing psychophysical data are
inconclusive as to whether inter-ocular velocity diﬀerences are used in primate vision. Here, we use motion adaptation to assess the
contribution of inter-ocular velocity diﬀerences to the perception of motion in depth. If inter-ocular velocity diﬀerences contribute to
motion in depth, we would expect that discriminability of direction of motion in depth should be improved after adaptation to
frontoparallel motion. This is because an inter-ocular velocity diﬀerence is a comparison between two monocular frontoparallel
motion signals, and because frontoparallel speed discrimination improves after motion adaptation. We show that adapting to
frontoparallel motion does improve both frontoparallel speed discrimination and motion-in-depth direction discrimination. No
improvement would be expected if only disparity change over time contributes to motion in depth. Furthermore, we found that
frontoparallel motion adaptation diminishes discrimination of both speed and direction of motion in depth in dynamic random
dot stereograms, in which changing disparity is the only cue available. The results provide strong evidence that inter-ocular velocity
diﬀerences contribute to the perception of motion in depth and thus that the human visual system contains mechanisms for detecting
diﬀerences in velocity between the two eyes retinal images.
 2005 Elsevier Ltd. All rights reserved.
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Objects moving in the frontoparallel plane produce
retinal images that change position over time in the
same amount for each eye. Objects that move in depth
produce a more complicated visual input, for the chang-
es in position of the retinal images diﬀer between the
eyes. There are two possible binocular signals for detect-
ing motion in depth (MID). One is a change in binocular
disparity over time. The other is a diﬀerence in velocity
between the two eyes, often referred to as inter-ocular
velocity diﬀerence (IOVD). It is easy to create a stimulus0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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impossible to do the inverse. Julesz (1971) was the ﬁrst
to isolate changing disparity by using temporally uncor-
related dynamic random-dot stereograms, which lack
monocular motion cues. He found that disparity change
over time could by itself produce the perception of MID.
By contrast, studying the contribution of IOVD to MID
has relied on indirect cues, and there is currently no con-
sensus from existing psychophysical data as to whether
IOVD is used in primate vision. Current physiological
data is also of no help, as all studies reporting on cells
tuned to MID have used stimuli in which both cues
(IOVD and changing disparity) were simultaneously
present (for a review, see Howard & Rogers, 2002,
Vol. 2, pp. 538–540).
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approaches to determining whether IOVD contribute
to MID perception. We will brieﬂy review studies that
cover the range of evidence on this issue, ﬁrst those
which argue against a contribution of IOVD, and then
those that argue in favor of it.
1.1. Evidence against a contribution of IOVD to MID
perception
One method for investigating the issue is to compare
sensitivity to MID when both of the cues are available
and when only changing disparity is available. If MID
thresholds are elevated when changing disparity is the
only cue, the diﬀerence could be a measure of the contri-
bution of IOVD. Using this approach, Cumming and
Parker (1994) found that the detection thresholds for
MID were greater when both cues were available than
when changing disparity was the sole cue. This result
is surprising, because if IOVD contributes to MID per-
ception, we would expect a decrease, and if it does not
contribute, we would expect no change. We would not
expect an increase in the threshold for fully cued motion
(but see Allison & Howard, 2000, for a possible explana-
tion unrelated to the issue of concern here). As was ﬁrst
pointed out by Harris and Watamaniuk (1995), and sup-
ported by their data on speed discrimination, a key
weakness in Cumming and Parker’s (1994) work is that
in both conditions detection could be based on a pure
disparity cue and would not necessarily depend on a spe-
cialized system responding to motion. For instance,
when asked for direction of motion in depth, subjects
would only need to know the static disparities in two
frames (e.g., the ﬁrst and the last) and the temporal
order of these frames. In addition, as Cumming and
Parker (1994) themselves recognize, subjects were indeed
performing diﬀerent tasks in the two conditions: MID
direction discrimination in the full cued case and MID
detection in the changing disparity case. Thus, the
thresholds cannot be compared, and the conclusions
drawn—that IOVD does not contribute to MID percep-
tion—cannot be considered to have been established.
Cumming and Parker (1994) also studied the contri-
bution of IOVD toMID by using stimuli beyond the spa-
tial and temporal range of stereopsis but within that of
monocular motion detection. They showed that stimuli
in this range did not generate a percept ofMID. However
IOVD is expected to be less detectable than monocular
motion (see below), so their spatial and temporal ranges
are likely to diﬀer. Therefore, the results of Cumming and
Parker (1994) do not imply that IOVD is not used in
detecting MID, but only that their stimuli were beyond
the spatial and temporal range of IOVD sensitivity.
Other authors have studied minimum displacement
thresholds for MID along the medial plane and com-
pared them with those for motion in a frontoparallelplane. The ﬁnding was that thresholds for MID along
the medial plane were substantially higher (Regan &
Beverly, 1973; Tyler, 1971; Westheimer, 1990). This
implies that the mechanisms for perception of MID
are diﬀerent from those for perception of frontoparallel
motion and hence that IOVD does not contribute to
MID. Similar diﬀerences in performance have been
found in suprathreshold search tasks (Harris, McKee,
& Watamaniuk, 1998; Harris & Sumnall, 2000; Sumnall
& Harris, 2000). In the same vein, Sumnall and Harris
(2002) found that detection and discrimination thresh-
olds for 3-D motion can be explained on the basis of
one or two mechanisms sensitive to motion in the
frontoparallel plane and in the medial plane of the head.
The fact that in some tasks motion in the medial
plane has diﬀerent perceptual properties from motion
in the frontoparallel plane has been taken as evidence
that the two are processed by independent motion mech-
anisms. However, this is not necessarily so, because
IOVD computation involves the comparison between
the velocities in both eyes (i.e., between two frontoparal-
lel speeds). This comparison implies an additional step
beyond frontoparallel speeds computations per se. Thus,
motion in the medial plane could have diﬀerent percep-
tual properties from motion in the frontoparallel plane,
reﬂecting the contribution of this additional step in the
computation.
1.2. Evidence favoring a contribution of IOVD to MID
perception
In their seminal work on speed discrimination, Harris
and Watamaniuk (1995) re-established a role for IOVD
in MID. They found that speed discrimination thresh-
olds for MID were the same as those for frontoparallel
motion, which suggests that speed discrimination for
MID is based on speed rather than on changing dispar-
ity. They also found that thresholds for MID using only
changing disparity as a cue were much higher than those
using both cues. These experiments suggest the existence
of a binocular mechanism for discriminating the speed
of MID based on IOVD. However, they do not prove
that the mechanism calculates 3-D speed. As Harris
and Watamaniuk (1995) discuss, it is possible that they
found evidence of a binocular mechanism that combines
speeds from the two eyes but for a purpose other than
ﬁnding 3-D speed (e.g., summing of the motion energy
from the two eyes in order to improve the 2-D signal,
rather than to ﬁnd 3-D speed). If such a mechanism used
motion energy but was insensitive to direction, it would
not contribute to 3-D speed discrimination but it would
contribute to solving the experimental task. We expect
that data from our experiments will help to clarify this.
In another study, Portfors-Yeomans and Regan
(1996) measured discrimination thresholds for direction
and speed of MID using dynamic random dots
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were substantially reduced when the target was monoc-
ularly visible (i.e., background dots were static instead
of dynamic). One possible interpretation of this result
is that the visual system makes use of the additional
IOVD information present at the boundaries of the
monocularly visible targets.
Using a diﬀerent approach, Shioiri, Saisho, and
Yaguchi (2000) made the most direct attempt to date
to isolate a pure IOVD signal. They used binocularly
uncorrelated random-dot kinematograms. With no cor-
relation between left and right images, little inﬂuence of
the binocular disparity cue was expected. They found
that subjects performed at above-chance levels in MID
direction discrimination. This suggests that IOVD was
used. However, because the stimulus images in the two
eyes were uncorrelated, there was no real binocular
moving object. As the authors recognized, combining
the uncorrelated images often produced rivalry and lat-
eral motion, even though opposite directions of motion
were imaged in the two eyes. Another diﬃculty in inter-
preting this study is that feedback about response accu-
racy was given both in training and in experimental
sessions, which may have allowed subjects to respond
to cues other than MID. Finally, random pairing of dots
between the images in the two eyes could have provided
a changing disparity signal that was assumed to be
absent from the stimuli.
A diﬀerent approach is that of Brooks (2002), who
examined the eﬀect of adaptation on perceived speed to
pick out the possible contribution of IOVD toMID.After
adaptation to a moving stimulus, a subsequent stimulus
traveling in the same direction is seen as moving slower
than before adaptation. Brooks found that the perceived
speed of MID after adaptation to either binocularly cor-
related or uncorrelated stimuli was slower than before
adaptation. This result is consistent with two previous
ﬁndings. Brooks andMather (2000) found that perceived
speed of MID was reduced in the periphery to the same
extent as the perceived speed of frontoparallel motion.
By comparison, static disparityperceptionwas less aﬀected
by peripheral viewing. In a second study, and in a similar
vein, Brooks (2001) showed that the perceived speeds of
stereomotion and monocular motion were aﬀected in an
almost identical fashion by contrastmanipulations.Over-
all, Brooks results strongly suggest that IOVD is involved
in MID perception. However, there still exists the possi-
bility that subjects just used monocular speed compari-
sons to do the task (J. Harris, personal communication).
Subjects could use information in only their right (or left)
eye, or in whichever eye gave them the larger signal.
1.3. Our approach
In addition to reducing perceived speed, adaptation
to frontoparallel motion can aﬀect speed discrimination,either enhancing or diminishing it depending on the
adapting and test speeds (Cliﬀord & Wenderoth, 1999;
Muller & Greenlee, 1994). In this work, we exploited
the eﬀect of adaptation on discriminability to determine
whether IOVD contributes to MID. The approach is
thus diﬀerent from but in the same spirit as that of
Brooks (2002), who did not study discrimination. It
has the advantage of allowing the construction of a task
that cannot be performed on the basis of monocular
speed comparisons, and is thus free of the critique to
which Brooks work is subject.
If IOVD contributes to MID, we would expect that
discriminability of direction of MID would, like discrim-
ination of speed, be aﬀected by motion adaptation,
because IOVD is basically a comparison between two
monocular frontoparallel motion signals. In an experi-
ment using random-dot stereograms, we measured the
eﬀect of binocular adaptation to horizontal frontoparal-
lel motion. To measure this eﬀect, we compared two
adaptation conditions: horizontal motion vs. random
noise. In Experiment 1 we tested MID direction discrim-
ination (approaching vs. receding) and in Experiment 2
we tested frontoparallel speed discrimination. We found
that in both cases discriminability was improved by
adaptation to horizontal motion relative to adaptation
to noise. No diﬀerence was found on Experiment 3,
which measured discrimination of depth-from-disparity.
In contrast, in Experiment 4 we found reduced discrim-
inability of rate of disparity change when using dynamic
random dot stereograms (DRDS), which lack any mon-
ocular motion cue. We conclude that discriminability of
MID engages the same mechanisms that are used to dis-
criminate pure frontoparallel motion—the mechanisms
of monocular speed discrimination—and that IOVD
does contribute to the perception of motion in depth.2. Methods
2.1. General methods
The stimuli consisted of 200 dark and light dots
(squares, 7.5 0) on a ‘‘gray’’ background (Fig. 1). An
attenuator used to boost luminance resolution to
approximately 12 bits drove only the monitors green
gun. Thus the color of both the dots and the back-
ground was green. Dark and light dot luminances were
symmetrically placed around the 29 cd/m2 background;
Michelson contrasts used are given in Table 1. A sta-
tionary dark square, 11 0 on a side, was continually pres-
ent as a zero-disparity ﬁxation point at the center of the
screen. Test stimuli consisted of 20-frame (533 ms) mov-
ies. Tests were interposed between adapting stimuli con-
sisting of 60-frame (1.6 s) movies, which were shown in a
repeating loop to produce the desired adaptation dura-
tion. Movies were shown at half the refresh rate of the
Fig. 1. Sketches (not to scale) of the stimuli used in the discrimination experiments. (a) Motion-in-depth direction discrimination (Experiment
1): dots moved inside 3-D boxes (edges drawn for visualization only). In the adaptation phase, motion was exclusively frontoparallel. In the
test phase, motion departed slightly from frontoparallel, with dots approaching or receding from the subject. (b) Frontoparallel speed
discrimination (Experiment 2): in both the adaptation and testing phases, motion was exclusively frontoparallel. (c) Side view of the depth
discrimination set-up (Experiment 3): adaptor was similar to that in (a) and (b), although not as deep. Dots in test stimuli lay within a thin
slab instead of in a deep box. Motion of both adaptor and test stimuli was exclusively frontoparallel. (d) MID speed discrimination for
changing-disparity-deﬁned MID (Task 1, Experiment 4): in the adaptation phase, motion was exclusively frontoparallel, and motion in the
test stimuli was exclusively in depth (i.e., along a cyclopean line of sight). Dots surrounding the two boxes are not shown for reasons of
clarity. (e) Direction of MID discrimination for changing-disparity deﬁned MID (Experiment 4, Task 2): In the adaptation phase, motion
was exclusively frontoparallel, and motion in the test stimuli was exclusively in depth (i.e., along a cyclopean line of sight). Dots
surrounding the two boxes are not shown for reasons of clarity. In (c) and (d), the adapting stimuli dont have arrows showing their
motion.
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Table 1
Stimulus parameters used in Experiments 1–3
Subject Michelson contrast v0 (/s) d Disparity (Experiment 3 only)
S1 0.4 2.5 ±0.025; ±0.05 ±1.90; ±3.80
S2 0.4 5.0 ±0.05; ±0.10 (Experiment 1)
±0.01; ±0.02 (Experiment 2)
S3 0.4 2.5 ±0.08; ±0.16 (Experiment 1)
±0.02; ±0.04 (Experiment 2)
S4 0.4 2.5 ±0.10; ±0.20 (Experiment 1)
±0.05; ±0.10 (Experiment 2)
S5 0.9 2.5 ±0.10; ±0.20 ±1.90; ±3.80
S6 0.9 2.5 ±0.15; ±0.30 ± 3.8 0; ±7.60
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of smooth motion. Stimuli were viewed through a mir-
ror stereoscope at an optical distance of 94 cm.
Because they impair the quality of the speed signal,
short-lived dots were not used. Instead, the individual
dots survived the entire stimulus duration. However,
our results show that subjects did not base their speed
comparisons on a dot-tracking strategy.
In all experiments, each run of 30 trials began with an
adapting period of 60 s, and each trial began with a 30 s
‘‘topping-oﬀ’’ adaptation period, with 0.4 s separating
adaptor oﬀset and the ﬁrst test interval.
All data points are the result of averaging at least four
runs. Experiments were broken into sessions over several
days. In order to prevent learning from hidden cues, no
feedback about response accuracy was provided.
Psychometric functions (percentage of correct
responses vs. d) were obtained using the method of con-
stant stimuli. d is the relative diﬀerence in the variable to
be discriminated (i.e., speed in Experiments 1 and 2, rel-
ative disparity in Experiment 3, and rate of disparity
change in Experiment 4). A cumulative normal was ﬁt-
ted to the psychometric functions by probit analysis,
from which thresholds were obtained. Threshold was de-
ﬁned as the incremental stimulus change that raised the
correct response rate from 50% to 75%. Negative d val-
ues have the eﬀect of changing target to non-target, so
the psychometric function is antisymmetric around the
point d = 0 and percent correct = 50%. This antisymme-
try was enforced in ﬁtting the probit function. The four
non-zero d values were individually selected for each
subject on the basis of pilot data in order to optimize
the range of speeds for deriving the psychometric func-
tion. For the same reason, pilot data were also used in
selecting speed and contrast values for each subject.
Stimulus parameters for Experiments 1–3 are given in
Table 1.
The relative change in threshold was deﬁned as the dif-
ference in performance betweenmotion andnoise adapta-
tion, divided by the performance for noise adaptation.
To test for the statistical signiﬁcance of the diﬀerence
of thresholds between conditions, precise estimates of
the standard deviation of the thresholds were obtainedusing the bootstrap method described in Foster and
Bischof (1997), which allowed the use of a normal distri-
bution to compute probabilities. Threshold values and
their standard deviations obtained from the bootstrap
method were virtually identical to those obtained using
probit.
Two experienced subjects (S1 and S2), and four naı¨ve
inexperienced subjects (S3 to S6) were used in Experi-
ment 1. Four subjects (S1 to S4) were used in Experi-
ment 2, three (S1, S5 and S6) in Experiment 3 and two
(S1 and S2) in Experiment 4. Subject numbering reﬂects
subject identity across experiments. All subjects gave
written informed consent for participation in the study,
which was approved by the Institutional Review Board
of Syracuse University.
2.2. Experiment 1
This experiment is designated to measure the eﬀect of
motion adaptation on motion-in-depth direction dis-
crimination, in order to test the hypothesis that adapting
to frontoparallel motion improves motion-in-depth
direction discrimination.
2.2.1. Stimuli
Dots were arranged within two rectangular 3-D box-
es. The boxes were symmetrically positioned above and
below the ﬁxation point, with 0.5  separating their near-
est edge from the ﬁxation point (Fig. 1a). Boxes had a
height:width:depth ratio in 3-D space of 3:8:24, being
1.5 high and 4 wide. In the testing phase all dots in
each eye were given the same horizontal retinal velocity,
regardless of depth, and retinal velocities were diﬀerent
in the two eyes, centered around a mean velocity v0 as
v0(1 ± d). This gave dots a trajectory that deviated from
frontoparallel by moving slightly in depth towards or
away the subject, depending on which eyes image had
the greater speed. Dots in the upper and lower boxes
moved with the same 3-D speed but in opposite direc-
tions both to enhance motion contrast and to discourage
tracking during adaptation. Dots reaching a boxs
boundary were assigned a new random position at the
side opposite to that from which they disappeared.
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condition, the dots within a box moved with the same
velocity v0 in both eyes, and followed a strictly fronto-
parallel trajectory (but again, dots in the upper and low-
er boxes moved in opposite directions). The direction of
motion in the adapting and testing phases was always
the same for each box (upper and lower). This applies
also to Experiments 2 and 3. Dots wrapped around
when reaching the boxs boundary. In noise-adaptation
conditions, frontoparallel motion was replaced by ran-
dom noise, in which a new set of dots was generated
on every frame. In the baseline condition, there was
no adaptation phase.
There were two variations of the direction discrimi-
nation experiment. In one, as explained above, the left-
eye and right-eye speeds were interchanged to generate
the two stimulus alternatives. Considering the upper
box only (the same argument holds for the lower
one), the left-eye and right-eye speeds for the target
conﬁguration were v0(1 + d) and v0(1  d), respectively,
and those for the non-target conﬁguration were
v0(1  d) and v0(1 + d). In principle this allows subjects
to do the task using a single eye. To avoid this possi-
bility, in the second variation the dots trajectories
departed from the frontoparallel plane at the same an-
gle for the target and non-target conﬁgurations
(although with opposite signs, of course), but at speeds
that were slightly diﬀerent, such that only one of the
eyes had a diﬀerent speed for the two conﬁgurations.
In the eye presented with diﬀerent speeds, the faster
speed could correspond either to the target conﬁgura-
tion or to the non-target conﬁguration, and thus no
decision could be based on monocular information
alone. For example, if the left-eye and right-eye speeds
for the target were v0(1 + d) and v0(1  d), then those
for the non-target were vp(1  d) and vp(1 + d), where
vp = v0(1 + d)/(1  d). Here, the left-eye speeds were
the same for target and non-target conﬁgurations, only
the right-eye speeds diﬀer, and faster corresponds to
the non-target. If now we exchange the two eyes
speeds, then the diﬀerent speeds are in the left eye,
and the faster speed corresponds to the target instead.
The adaptor speed used in this case would be v0(1 + d).
The best performance that subjects could get in this
second variation of the task, if they based their
responses on monocular cues (i.e., the speed of only
one eye), would be 75% correct. For instance, if one
looks at the left eyes view for the top stimulus in a tri-
al, the fastest speed vp(1 + d), always corresponds to a
target and the slowest speed vp(1  d) always corre-
sponds to a non-target and the middle speed v0(1 + d)
(or vp(1  d)) could be either target or non-target. If
these stimuli were given the same number of times,
then a subject could be correct 50% of the time based
on the highest and lowest speed, and would be correct,
on average, on half of the remaining 50% of trials,yielding 75% overall. This is an upper limit; it assumes
that the monocular speeds are perfectly discriminable
to the subject and that the subject chooses the correct
strategy (because there is no feedback, there is no rea-
son for the subject to prefer the correct strategy in
which faster corresponds to target instead than to
non-target when using the left eye, or the reverse strat-
egy if using the right eye). The near-perfect perfor-
mance for speed diﬀerences well above threshold that
we obtained rules out the use of monocular speed to
perform the task. As reported in Section 3, the two
variations of the experiment yielded equivalent direc-
tion discrimination performance.
We also ran a control condition to test the IOVD pre-
diction that MID direction discriminations will be ham-
pered by an out of range adapter (one whose speed is
outside the range of speeds to be compared, i.e., the
speeds in the left and right eyes). In this condition the
testing speeds mean 10% faster than in the standard con-
dition. This made the speeds in both eyes during the test-
ing phase faster than the speed used during the adapting
phase, instead of one being faster and one slower.
2.2.2. Procedure
The test interval was 533 ms. Subjects had to indicate
with the click of a mouse whether the dots in the upper
box were approaching and those in the lower box were
receding (‘‘target’’ conﬁguration) or vice versa (‘‘non-
target’’ conﬁguration). Stimulus parameter values for
the six subjects are shown in Table 1.
2.3. Experiment 2
In this experiment, we measured the eﬀects of motion
adaptation on frontoparallel speed discrimination in or-
der to ﬁnd if they match those from motion-in-depth ob-
tained in Experiment 1.
2.3.1. Stimuli
Stimuli were similar to those of Experiment 1, ex-
cept for the motion of the test dots (Fig. 1b). In the
testing phase, dots now had the same retinal speed
and direction in the two eyes, giving rise to pure
frontoparallel motion. Dots in the upper and lower
boxes moved in opposite directions. The adapting
phase was the same as in Experiment 1. The adapting
motion was horizontal and opposite in direction for
the upper and lower boxes; leftward and rightward
assignments were arbitrary and remained ﬁxed during
the run. The speed v0 of the adapting dots correspond-
ed to an average of the monocular speeds, v0(1 ± d), in
the two testing intervals. In both adapting and testing
phases, dots wrapped around when reaching the boxs
boundary. Again, in the noise-adaptation condition,
frontoparallel motion was replaced by random noise.
There also was a baseline condition with no adapting
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the testing speeds were 10% faster than in the standard
condition, as in Experiment 1.2.3.2. Procedure
Subjects were presented with two 533 ms test inter-
vals separated by 400 ms and had to indicate with the
click of a mouse the interval in which the dots were mov-
ing faster. Stimulus parameter values used were the same
as in the previous experiment.2.4. Experiment 3
This experiment asked whether motion adaptation af-
fects the discrimination of disparity-deﬁned depth; we
hypothesized that adaptation to motion would not im-
prove performance in this task.2.4.1. Stimuli
The 3-D spatial positions of the dots diﬀered from
the previous experiments by being conﬁned to a narrow
range of depths (Fig. 1c). The horizontal and vertical
distribution of dots was the same as before, but the
two boxes now consisted of thin slabs. The number
of dots remained unchanged. These slabs were not
quite planar. A small thickness (1.9 0 disparity between
near and far surfaces) was added in order to degrade
performance, since otherwise subjects discrimination
was perfect at the smallest realizable disparity. The
upper and lower surfaces were given opposite dispari-
ties, so that one was positioned on the near side of
the ﬁxation plane and the other was on the far side.
Direction of motion was opposite in upper and lower
surfaces. Adapting dots were distributed within a vol-
ume having the same height and width as the test slabs,
and a depth twice the maximum extent in depth of the
two test slabs, to assure full coverage by the adaptor.
As before, the noise-adaptation condition used random
noise, and the baseline condition lacked the adapting
phase. In both adapting and testing phases, dots
moved at constant speed v0 in the frontoparallel direc-
tion and wrapped around at the borders.2.4.2. Procedure
Trials consisted of only one 533 ms test interval, and
subjects had to indicate with the click of a mouse
whether the target or the non-target conﬁguration was
shown. In the target conﬁguration, dots in the upper
slab had crossed disparities (‘‘near’’ depth) and those
in the lower slab had uncrossed disparities (‘‘far’’ depth),
and vice versa for the non-target conﬁguration. Param-
eter values used (i.e., Michelson contrast and speed v0)
were the same as in the previous experiment. Relative
disparities between slabs and ﬁxation point are given
in Table 1.2.5. Experiment 4
The motion after-eﬀect (MAE) is the illusory motion
of a stationary pattern following adaptation to motion
(Wohlgemuth, 1911; Mather, Verstraten, & Anstis,
1998). In this experiment, we tested whether motion
adaptation aﬀected discrimination of changing dispari-
ty. This tested the hypothesis that positional noise from
the MAE would diminish performance in this task. We
tested two diﬀerent tasks, discrimination of MID speed
and discrimination of MID direction.
Because it is impossible to replicate Experiment 1
using only the changing-disparity cue, we used two dif-
ferent tasks, each of which has diﬀerent similarities to
Experiment 1. We can see that speed discrimination
and direction discrimination are related if we decompose
the stimulus motion. One motion component consists of
a pedestal speed, which is the average of the two speeds
to be compared and is common to the two stimuli. The
other components are an increment and a decrement,
velocities of equal magnitude but opposite direction; it
is these directions that have to be discriminated. Thus,
a speed, equal in magnitude to the adapting speed, is
added as a pedestal to the velocities being discriminated
in both Experiment 1, which measures direction discrim-
ination, and Task 1 of Experiment 4, which measures
speed discrimination. There are two main diﬀerences
between Experiment 1 and Task 1: (1) In Experiment
1 this pedestal speed is in the frontoparallel direction,
and in Task 1 is along the line of sight, and (2) the tasks
are diﬀerent (discrimination of MID speed and discrim-
ination of MID direction). Task 2 is more similar to
Experiment 1; both require subjects to discriminate the
direction of MID. The diﬀerence is that now the pedestal
speed of the test stimuli is zero.
2.5.1. Task 1: Discrimination of MID speed
2.5.1.1. Stimuli. Random dots deﬁned two surfaces
perpendicular to the line of sight (Fig. 1d). A back-
ground surface consisting of two ﬂankers (1 · 4 each)
remained at the ﬁxation plane, and the central target
surface (2 · 4) moved in depth, approaching the
subject. The dots deﬁning the surfaces were randomly
chosen for each frame (dynamic random dot kinemato-
grams), and thus there was no temporal correlation
between dots across frames. The only available cue to
MID was the changing disparity over time. When seen
monocularly, the stimuli consisted of a single uniform
surface deﬁned by randomly moving dots. When seen
binocularly, the moving surface was always distinct from
the background surface, as its starting position was in
front of them (1.87 0, initial relative disparity between
surfaces) and its motion was always towards the observ-
er. The ﬁxation point was centered in the display, in the
middle of the target surface. Subjects discriminated in
which of two intervals the surface was moving faster.
J.M. Fernandez, B. Farell / Vision Research 45 (2005) 2786–2798 2793A real object moving in depth in the same way as the
simulated surface would produce retinal speeds of the
same magnitude but opposite directions in the two eyes.
Let v0(1 + d) and v0(1  d) be the monocular speeds of
the fast and slow moving target surfaces, respectively.
Then, the adapting speed is set to a constant value v0,
i.e., the average of these two monocular speeds. As in
the previous experiments, dots in the adapting phase
moved in the frontoparallel direction and wrapped
around at the borders. Also as before, the noise-adapta-
tion condition used random noise, and the baseline con-
dition lacked the adapting phase.
2.5.1.2. Procedure. Subjects were presented with two
533 ms test intervals separated by 400 ms and had to
indicate with the click of a mouse the interval in which
the surface was moving faster. It was previously shown
(Harris & Watamaniuk, 1995; Portfors-Yeomans &
Regan, 1996; Brooks & Mather, 2000) that subjects
performing speed discrimination tasks of this kind base
their responses on the stimulus speed (i.e., rate of chang-
ing disparity) and ignore variations in total disparity dis-
placement. To test whether this was true in our case, in a
control condition we repeated the experiment but this
time the test interval had a variable random duration
in the interval 266–533 ms. Results were the same as in
the constant interval-duration condition. Stimulus
parameters for both subjects were v0 = 0.5/s, d = ± 0.2
and d = ± 0.4 (note that the rate of disparity change is
2v0), and Michelson contrast of 0.4.
2.5.2. Task 2: discrimination of direction of MID
2.5.2.1. Stimuli. Random dots were arranged within two
rectangular 3-D boxes. The boxes were symmetrically
positioned above and below the ﬁxation point, with
0.5 separating their nearest edge from the ﬁxation point
(Fig. 1a). Boxes had a height:width:depth ratio in 3-D
space of 3:8:6, being 1.5 high and 4 wide. To eliminate
monocular cues, the space between boxes and that sur-
rounding them was also ﬁlled with dots positioned on a
frontoparallel plane at the ﬁxation distance, so that,
when seen monocularly, the stimuli consisted of a single
uniform surface deﬁned by randomly moving dots. The
dots deﬁning the boxes and surround were randomly
chosen for each frame (dynamic random dot kinemato-
grams), and thus there was no temporal correlation be-
tween dots across frames. The only available cue to
MID was the changing disparity over time (d). When
seen binocularly, the moving boxes could approach or
recede from the subject. Motion was exclusively in depth,
with no frontoparallel components. Upper and lower
boxes always moved in opposite directions.
In order to raise discrimination thresholds so they
were within the range of changing disparities allowed
by our experimental setup, pilot data were used to select
stimulus contrast and the boxes thickness.To discourage the subjects use of static disparities to
perform the direction discrimination task, the initial po-
sition of the frontal face of the boxes was randomly var-
ied across trials. This was done independently for the
upper and lower boxes. The average disparity of each
boxs frontal face across trials was zero. The greater
the displacement in depth on a given interval, the stron-
ger the potential use of static disparity cues. Because of
this, the jitter in the initial position of the boxes face
was made a function of the displacement in depth. It
was set to a randomly chosen value within a range of
±1.5 times the displacement in depth.
As with Task 1, to make sure that subjects based their
responses on rate of disparity change and not on diﬀer-
ences in total disparity displacement, the test interval
had a variable random duration in the interval
266–533 ms.
The adapting speed was set to a value v0 similar to
that of Experiments 1 to 3. As before, the noise-adapta-
tion condition used random noise, and the baseline con-
dition lacked the adapting phase.
2.5.2.2. Procedure. Subjects had to indicate with the
click of a mouse whether the dots in the upper box were
approaching and those in the lower box were receding
(‘‘target’’ conﬁguration) or vice versa (‘‘non-target’’
conﬁguration).
Stimulus parameters were v0 = 2.5/s, d = ±17.5 arc-
min/s and d = ±32.5 arcmin/s for S1, and v0 = 5/s,
d = ±24.5 arcmin/s and d = ±32.5 arcmin/s for S2.
Michelson contrast was 0.1 for both subjects.3. Results
3.1. Experiment 1
Experiment 1 measured MID direction discrimina-
tion (approaching vs. receding) and assessed the eﬀect
of adapting to horizontal motion and to random noise.
The MID stimulus consisted of dots moving inside two
rectangular 3-D boxes, one above and the other below
the ﬁxation point (Fig. 1a). Dots inside each box
moved along a trajectory that deviated from the
frontoparallel by having a small velocity component
in depth. Thus, dots in the upper box moved laterally
and toward the subject and the dots in the lower box
moved laterally and away from him or her, or vice ver-
sa. Subjects task was to discriminate between these
two alternatives.
Direction discrimination thresholds for the six sub-
jects are shown in Fig. 2a. Compared to noise adapta-
tion, direction discrimination for all subjects was
enhanced by motion adaptation. The changes are signif-
icant for all subjects except S6, for which it was marginal
(S1: p = 0.012, S2: p = 0.002, S3: p = 0.02, S4: p < 0.001,
Fig. 2. (a) Thresholds for MID direction discrimination for the six
subjects. Discrimination performance improved for all six subjects
after adaptation to frontoparallel motion, as compared with adapta-
tion to random noise. (b) Thresholds for MID direction discrimination
in two control conditions (dark gray: no-adaptation, light gray: out-of-
range condition) for the three subjects tested. Noise-adaptation results
from (a) are repeated here (black) for an easy comparison. Note that
performance diminishes for the two subjects tested in the out-of-range
condition. In both graphs, error bars equal ±1 SEM. Because of the
wide range of thresholds, a logarithmic scale was used for better
visualization.
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thresholds (deﬁned in Section 2.1) averaged
0.46(±0.1) for the six subjects (range 0.35 to 0.61).
The no-adaptation condition was administered to
subjects S1, S2, and S3; results appear in Fig. 2b
(noise-adaptation results from Fig. 1a are repeated here
for an easy comparison). No signiﬁcant diﬀerences
were observed between the no-adaptation and thenoise-adaptation conditions. This result provides an
unambiguous interpretation of the diﬀerence in discrim-
ination performance following adaptation to frontopar-
allel motion and adaptation to noise: adaptation to
frontoparallel motion improved discrimination and
adaptation to noise had no eﬀect. The alternative inter-
pretation—that adaptation to frontoparallel motion had
no eﬀect and adaptation to noise worsened discrimina-
tion—can be eliminated from consideration. The results
also eliminate the possibility of a non-speciﬁc eﬀect of
adaptation; this is shown by the similar results for noise
adaptation and no adaptation. Thus, the eﬀect of
adaptation on MID direction discrimination is speciﬁc
to the adapting stimulus and in the case of adapting to
frontoparallel motion, the eﬀect is an enhancement of
discrimination performance.
During adaptation to motion, the adapting speed
was intermediate between the two speeds to be com-
pared in the testing phase (i.e., the speeds in the left
and right eyes). Under such within-range conditions,
adaptation to frontoparallel motion can enhance
frontoparallel speed discrimination (Cliﬀord & Wende-
roth, 1999; Muller & Greenlee, 1994). If IOVD contrib-
utes to MID, we would expect that adaptation to
frontoparallel motion will improve MID direction
discrimination, as we found, because the IOVD compu-
tation is a comparison between two frontoparallel
speeds. On the other hand, when the adapting speed
is outside the range of speeds to be compared, fronto-
parallel speed discrimination is impaired, at least for
low reference-contrast (Muller & Greenlee, 1994). A
similar dependence on adapter location occurs for
discriminations along the dimension of binocular
disparity (Farell, 1998).
The prediction for the IOVD hypothesis is that an
out-of-range adapter will impede MID direction dis-
crimination. In order to test this, an additional condi-
tion was run in which the testing speeds were 10%
larger than in the standard condition, but the adapting
speed was kept the same. Results for the out-of-range
adapting condition are shown in Fig. 2b for the two sub-
jects tested in this condition. These results conﬁrm our
expectations of diminished discriminability. The relative
change in thresholds between the adaptation to noise
and the adaptation to motion under the out-of-range
condition was 0.38(±0.31) averaged for the two subjects
(0.32 and 0.45, respectively). Note that this eﬀect has the
opposite sign from the eﬀect of the standard within-
range adaptation condition shown in Fig. 2a. However,
the changes did not reach statistical signiﬁcance for S1
and was marginal for S3 (p = 0.084). Similar results were
obtained for frontoparallel speed discrimination, as will
be shown later.
Note that, as explained in Methods, we took special
care in designing a variation of Experiment 1 in which
the distribution of speeds across the two eyes controlled
Fig. 3. (a) Thresholds for frontoparallel speed discrimination for the
four subjects. All subjects displayed improved discrimination perfor-
mance after adaptation to frontoparallel motion, as compared with
adaptation to random noise. (b) Thresholds for frontoparallel speed
discrimination in two control conditions (dark gray: no-adaptation,
light gray: out-of-range condition) for the three subjects tested. Noise-
adaptation results from (a) are repeated here (black) for an easy
comparison. Note that performance diminishes in the three subjects
tested in the out-of-range condition. In both graphs, error bars equal
±1 SEM.
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signiﬁcant diﬀerence was observed between the data of
this control and the standard version of the task and
data from both variants were averaged in the results pre-
sented here. Note also that because the adapting phase
consisted of pure frontoparallel motion, no adaptation
to changing disparities was possible.
3.2. Experiment 2
In Experiment 2 wemeasured frontoparallel speed dis-
crimination. Now the retinal speed and direction of the
dots was the same in the two eyes. Subjects had to indicate
in which of two intervals the dots were moving faster. In
the adapting phase, dots also moved in a horizontal
frontoparallel trajectory (arbitrarily chosen from run to
run to be leftward or rightward). The adapting speed
was set to the average of the two test speeds to be
discriminated.
Results for the four subjects are shown in Fig. 3a.
There is a strong similarity between these speed dis-
crimination data and the MID direction discrimina-
tion data measured in Experiment 1. All subjects
showed an improvement in frontoparallel speed dis-
crimination after adaptation. The relative change in
thresholds (deﬁned in Section 2.1) was 0.38(±0.13)
averaged across the four subjects (range 0.24 to
0.55), a value similar to that found for MID direc-
tion discrimination (0.46). Again, diﬀerences between
no adaptation (Fig. 3b) and adaptation to noise
(Fig. 3a) were not signiﬁcant. Testing with speeds
10% greater that the adapting speed (the out-of-range
condition) raised threshold for frontoparallel speed
discrimination compared to the no-adaptation control
(Fig. 3b). The diﬀerence in thresholds between the
adaptation to noise and the adaptation to motion un-
der the out-of-range condition was 0.46(±0.14) aver-
aged across the three subjects (range 0.33–0.61),
values similar to those found for MID direction dis-
crimination. These changes were statistically signiﬁcant
for S2 (p < 0.001) and S3 (p < 0.001), and marginal for
S1 (p = 0.086).
3.2.1. Positional noise: a hypothesis
The improvement in performance after adaptation
would be diﬃcult to explain if changing binocular dis-
parity was the sole basis for perception of motion in
depth. To the contrary, subjects should be less able to
discriminate disparity-based MID directions after
motion adaptation, even if no disparity adaptation
occurred in the process. This is because of noise added
by the motion after-eﬀect to estimates of the spatial
position of the dots. Noisy illusory changes in position
following adaptation would increase the noisiness of dis-
parity estimates, which would produce an impairment,
not an improvement, in performance.Our hypothesis is that there are two contributions to
the change in discrimination performance after adapting
to frontoparallel motion. One is the positive contribu-
tion of a pure motion channel and the other is the neg-
ative contribution of the increased noisiness of perceived
positions as a consequence of the motion after-eﬀect.
The contribution of the motion channel leads to an
improvement in performance following adaptation
(assuming that the adapting speed is between the test
speeds). The contribution of positional noise leads to a
reduction in performance. In MID, the motion channel
would enhance performance through IOVDs and posi-
tional noise would diminish performance through chang-
ing-disparity channels. Thus, whether discrimination
ig. 4. Thresholds for depth discrimination for the three subjects.
nly minimal changes in discriminability were found after adaptation
o frontoparallel motion, as compared with adaptation to random
oise. Error bars equal ±1 SEM.
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of the two channels makes the larger contribution to
performance. The relative contributions could in princi-
ple depend on the particular task performed and the
particular parameters used in the task (stimulus contrast,
frequency, etc).
It seems that in Experiments 1 and 2 the contribution
of the motion channel was larger than that of the chang-
ing-disparity channel. This allows us to conclude that
IOVDs do contribute to MID perception. If adaptation
degraded performance, nothing could have been con-
cluded. On the other hand, when the motion channel
is not involved, as in tasks using dynamic random dot
stereograms (Julesz, 1971), only positional noise should
contribute. Let us remember that when the adapting
speed is outside the range of speeds to be compared,
frontoparallel speed discrimination is impaired. Thus,
for this out-of-range condition the motion channel
should also contribute negatively, as was observed. To
further test the positional noise hypothesis we conducted
two further experiments (Experiments 3 and 4).
3.3. Experiment 3
Experiment 3 measured the eﬀect of horizontal mo-
tion adaptation on static disparity discrimination. Here
there is no motion signal to be discriminated, so adapta-
tion should not enhance discrimination. The stimulus
consisted of dots moving in a horizontal frontoparallel
direction at constant speed. Dots moved across two rect-
angular slabs, one above and the other below the ﬁxa-
tion point. Subjects had to indicate the interval in
which the upper slab was in front of the ﬁxation plane
(and the lower slab behind it), as opposed to the inverse
arrangement (Fig. 1c). Results are shown on Fig. 4. We
can clearly see that adaptation only minimally aﬀects
discriminability of static disparities. The relative change
(deﬁned in Section 2.1) averaged over the three subjects
was 0.58(±0.67) (range 0.14–1.36). Even though these
changes in performance were not signiﬁcant, the
direction of the changes was the same for the three
subjects and had the direction (an increase) expected
on the hypothesis of positional noise from MAE. In
addition, we can see that threshold variability increased
greatly for one subject after adaptation. A possible
explanation is that positional noise increments threshold
variability in proportion to the variability of the
noise distribution and that this subject is particularly
susceptible to noise.
3.4. Experiment 4
Experiment 4 tested the eﬀect of motion adaptation
on discrimination of speed and direction of MID when
MID was deﬁned only in terms of changing disparity.
There are two reasons to test this. As discussed inF
O
t
nSection 3.2.1, one reason is that even if static disparity
discrimination seems to be only negligibly aﬀected by
adaptation to motion, changing disparity, which is its
derivative, could amplify the eﬀect of MAE-produced
positional noise to levels clearly visible in performance.
A second reason is that the brain could be computing
changing disparities independent of static disparities,
analogous to the way that motion and position are
dissociated and independently computed in the visual
system.
We used dynamic random dot stereograms (DRDS)
which lack any monocular motion cue (Julesz, 1971).
Two tasks were tested, discrimination of speed
(Fig. 1d) and discrimination of direction (Fig. 1e) of
MID.
Fig. 5 shows the results for the two subjects. For the
speed discrimination task (Fig. 5a), the relative change
(deﬁned in Section 2.1) averaged over the two subjects
amounted to 0.69(±0.1) (0.61 and 0.76, respectively).
Changes were statistically signiﬁcant between the adap-
tation-to-noise and adaptation-to-motion conditions for
both subjects (S1: p = 0.021, S2: p = 0.034), but only for
S1 (p = 0.037) between the no-adaptation and adapta-
tion-to-motion conditions.
For the direction discrimination task (Fig. 5b), the
relative change averaged over the two subjects amount-
ed to 0.51(±0.08) (0.57 and 0.45, respectively). Changes
did not reach statistical signiﬁcance, although between
the adaptation-to-noise and adaptation-to-motion con-
ditions the change for S1 was marginal (p = 0.0571). In
neither task were diﬀerences between the baseline and
adaptation-to-noise conditions statistically signiﬁcant.
Fig. 5. Discrimination thresholds when changing disparity is the only
cue to MID. (a) Thresholds for MID speed discrimination for the two
subjects. (b) Thresholds for MID direction discrimination for the two
subjects. In both tasks, small changes in discriminability (impairments)
were found after adaptation to frontoparallel motion, as compared
with adaptation to random noise. Also shown is the no-adaptation
control condition. Error bars equal ±1 SEM.
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ination of direction of MID), the change in threshold
resulting from motion adaptation is in the opposite
direction from that found for frontoparallel speed dis-
crimination and for MID direction discrimination. It is
the direction expected if MAE introduces noise in
perceived dot positions.
Taken together, the results from the four experiments
support the hypotheses that motion adaptation aﬀects
the discrimination of inter-ocular velocity diﬀerences,
and that IOVD contributes to the perception of MID.
This suggests that the human visual system contains
mechanisms for detecting diﬀerences in velocity between
the two eyes retinal images.4. Discussion
We have seen that humans are better able to discrim-
inate the direction of motion in depth and the speed of
frontoparallel motion after they adapt to frontoparallel
motion whose speed is between the testing speeds.
Improvements in speed discrimination have previously
been observed after adaptation in the case of frontopar-
allel motion (Cliﬀord & Wenderoth, 1999; Muller &
Greenlee, 1994). Our observation that changes in
frontoparallel motion discriminability extend to MID
is easy to understand, for in MID the visual system
has to compare two frontoparallel speeds. In fact, there
is actually a two-fold comparison process. First, the dif-
ference in speed between the two eyes—the IOVD—has
to be computed. Second, two IOVDs have to be com-
pared across spatial or temporal positions so that a dis-
crimination can be made. Even if frontoparallel speed
discrimination and motion-in-depth direction discrimi-
nation are distinct tasks across which data are not nec-
essarily quantitatively comparable, the important fact
is that adaptation to frontoparallel motion improves
performance in both tasks. This argues strongly that
IOVD is involved in MID perception.
Adaptation did not facilitate direction or speed dis-
crimination when the adapters speed was outside the
range of test speeds. For both motion-in-depth and
frontoparallel motion, discrimination improves under
the within-range condition and diminishes under the
out-of-range condition. This result rules out a potential
artifact. Prior exposure to motion, during adaptation,
might have primed or otherwise facilitated subjects
attention in tasks requiring motion processing and prior
exposure to the random noise control might have
primed or facilitated subjects attention for tasks requir-
ing the processing of correlations in noise (as in the
DRDS experiments). The diﬀerent eﬀects of within-
range and out-of-range adaptation render this possibili-
ty moot. The eﬀect of adaptation depends on the stimuli,
not on the adaptation procedure per se.
Because the adapting stimulus moved only in the
frontoparallel direction, the possibility that subjects
adapted to changing disparity in addition to motion is
also ruled out. Quite the contrary, motion adaptation
seems to diminish speed discriminability when the task
involves only changing disparity. Even if the changes
only reached statistical signiﬁcance in a few cases, there
is a trend in the data that suggests it. The reason for this
possible impairment is presumably the introduction of
positional noise from the motion after-eﬀect. Thus, for
fully cued stimuli, both IOVD and changing disparity
must contribute to motion-in-depth perception, and
the positive contribution to performance from IOVD
following adaptation must be greater than the negative
contribution from changing disparity to leave the
balance with a net increase, as we found here.
2798 J.M. Fernandez, B. Farell / Vision Research 45 (2005) 2786–2798The possibility that subjects used monocular motion
cues to do the task must also be ruled out. In the absence
of methodological precautions, subjects could base their
MID discriminations on purely monocular motion cues:
they could use only their right (or left) eye to solve the
task, or they could use whichever eye gives them the
larger signal. However, this was not true in our proce-
dure that was speciﬁcally designed, as detailed in Meth-
ods, to limit the utility of monocular motion cues.
Taken together, our results suggest that discrimina-
tion of MID in our experiments engages the same
mechanisms that are used to discriminate purely fronto-
parallel motion, i.e., the mechanisms of monocular
speed discrimination.
We have shown that the discrimination of motion in
depth and the discrimination of frontoparallel motion
are correlated. The direction of the eﬀect of adaptation
on one—whether the eﬀect is to enhance or to degrade
discriminability—is the same as that on the other. We
reasoned that this linkage was mediated by the contribu-
tion of an IOVD signal to the computation of motion in
depth. It is possible to do away with this reasoning and
simply conclude, agnostically, that frontoparallel mo-
tion and MID are linked in some unspeciﬁed way, one
which might not involve IOVD. Perhaps, as suggested
by a reviewer, these two motion components are simply
not separably analyzable by a high-level motion proces-
sor. Then, for judgments of MID the frontoparallel
component might act like a pedestal, pushing the proces-
sors sensitivity to MID down as frontoparallel speed
goes up. This particular instance is ruled out by our
out-of-range adapting condition (Fig. 2b), where MID
thresholds increased after adaptation resulted in an
apparent slowing of frontoparallel motion. In principle,
however, there might be a link between frontoparallel
motion and MID that does not depend on IOVD. But
IOVD does provide a parsimonious and explicit linkage,
one that is consistent with our data and with previous
results from the literature.Acknowledgments
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